Introduction {#S0001}
============

Studies on new anticancer treatments and other medicinal substances from mushrooms have been significantly expanded recently. This is mainly because they contain bioactive polymers such as polysaccharides and polysaccharide/protein complexes, secondary metabolites, and enzymes isolated from fruit bodies, mycelia, and culture broth \[[@CIT0001]\]. There are substantial data showing the potential activity of medicinal mushrooms in cancer treatment. *Ganoderma lucidum, Agaricus bisporus, Agaricus brasiliensis, Trametes versicolor, Grifola frondosa, Inonotus obliquus, Lentinus edodes, Leucoagaricus americanus, Pleurotus ostreatus, Sparassis crispa* etc. have shown the most significant inhibitory effect activity in highly invasive cancer cells \[[@CIT0002]\]. These medicinal mushrooms, along with others that have also been reported to produce bioactive substances, have been tested *in vivo* and/or *in vitro*, and have demonstrated cancer inhibitory activity. The antitumor and immunomodulating activities of these compounds related to their effects to act of immune effecter cells such as macrophages, lymphocytes, T cells, hematopoietic stem cells, natural killer cells (NK-cells) and dendritic cells (DCs) involved in the innate and adaptive immunity, resulting in the production of biologic response modifiers \[[@CIT0003]\].

Since 2002 *Lentinus edodes*, Shiitake, has become the most cultivated edible mushroom in the world with one-quarter of worldwide production \[[@CIT0004], [@CIT0005]\]. Its importance is attributed to both its nutritional value and medical application \[[@CIT0006]\]. Several bioactive polysaccharides, including (1→3)-β-D-glucans, β-D-glucans, glucans, heteroglycans, heterogalactan, etc. have been isolated and identified from the fruiting bodies, mycelia, and culture medium of *L. edodes* \[[@CIT0005]--[@CIT0010]\]. However, data from studies concerning immunomodulating and antitumor activities often focus on (1→3)-β-D-glucan-type polysaccharides and extracts.

In our previous studies, we successfully purified and identified two mannogalactoglucan-type polysaccharides, named WPLE-N-2 and WPLE-A0.5-2, which exhibited cytotoxicity activity against Sarcoma 180 (S-180) solid tumor and human colorectal cancer cell lines (HT-29 and HCT-116) *in vitro* \[[@CIT0011], [@CIT0012]\]. We now report the *in vivo* antitumor and immunomodulating properties of the above-mentioned polysaccharides. This is the first time to report immunomodulating and *in vivo* antitumor properties of mannogalactoglucan-type polysaccharides from *Lentinus edodes* fruiting bodies.

The present research provides essential data for successful interpretation of the bioactivities of *L. edodes* extracts and thus contributes to a better understanding of its compounds. Our research also confirms the key role of β-linkages in the antitumor and immunomodulating effects of polysaccharides. Furthermore, our finding suggests that mannogalactoglucan-type polysaccharides can be explored as potent immunomodulatory agents for cancer therapy.

Material and methods {#S0002}
====================

Chemicals and reagents {#S20003}
----------------------

All the plates used in this study were purchased from Nunc (Rochester, NY, USA). Penicillin/streptomycin was from the Tina Jin Hao Yang Biological Manufacture Co. Griess reagent was purchased from Jiancheng Biological Engineering Co. Ltd. (Nanjing, China). Trypsin and PMSF were from Amersco. D-Hanks solution, Roswell Park Memorial Institute 1640 medium (RPMI 1640 medium), Dulbecco\'s modified Eagle medium: Nutrient Mixture F-12(DEME/F12) medium, calf serum, sodium dodecyl sulfate (SDS) and dimethyl sulfoxide (DMSO) were purchased from Gibco (Grand Island, NY, USA). 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), concanavalin A (ConA), lipopolysaccharide (LPS), HEPES were purchased from Sigma (St. Louis, MO, USA). All other chemicals reagents and solvents used were of analytical grade made in China.

Cell line {#S20004}
---------

S-180 Sarcoma cells obtained from American Type Culture Collection (stocks cultures) were maintained in RPMI-1640 medium supplemented with 10% calf serum and 100 IU/ml penicillin and streptomycin, under a humidified atmosphere of 95% air and 5% CO~2~ at 37°C.

Animals {#S20005}
-------

Male Kunming mice (6-8 weeks old, 19.4 ±0.8 g), purchased from the Pharmacology Experimental Center of Jilin University (Changchun, China) were housed under normal laboratory conditions, i.e., 12/12-hour light-dark cycle, room temperature and with free access to standard rodent chow and water *ad libitum* during the experiments. Animal handling procedures were conducted under the animal care and use guidelines of the National Institutes of Health (China legislation). All efforts were made to minimize the animals' suffering and to reduce the number of animals used. All experiments were performed in strict compliance with the institutional regulations and national criteria for use of laboratory animals. All procedures in our study were approved by the Institution Animal Ethics Committee.

Treatment {#S20006}
---------

S-180 cells (0.2 ml, 5 × 10^6^ cells) were passed into mice ascites, then ascites were inoculated subcutaneously into the right axilla of each mouse. The mice inoculated with S-180 were divided into three groups of 6 mice each. The mice were treated as follows: control group (Group I) received pure water and tested groups (Group II and Group III) received polysaccharides WPLE-N-2 and WPLE-A0.5-2 (100 mg/kg body weight), respectively. The polysaccharides were dissolved in pure water and administered intragastrically (i.g.) for 10 days at 24 hours after tumor inoculation. The dose volume was 0.2 ml. After 10 days, mice were dispatched by cervical dislocation and tumor weights were measured. The antitumor activity of the tested samples was expressed as an inhibition ratio (%) calculated as

\[(A -- B)/A\] × 100, where A and B are the average tumor weight of the control and treated group, respectively.

Macrophage phagocytosis assay {#S20007}
-----------------------------

Macrophages were prepared from Kunming mice according to the reported procedure \[[@CIT0013]\]. Macrophages phagocytosis was measured by a neutral red uptake method as described in the reported data \[[@CIT0014], [@CIT0015]\]. Peritoneal exudate cells were collected from the S-180-bearing mice by lavage of the peritoneal cavity with sterile physiological saline. After centrifugation (370 g, 10 min), the erythrocytes were lysed with Tris-NH~4~Cl, and the cells were then washed three times and re-suspended in complete medium at 2 × 10^6^ cells/ml. Cell suspension (100 µl) was added in each well of 96-well microwell plates. After a 3-hour incubation to allow the cells to attach to the plate bottom, the supernatant was discarded, and 0.075% of neutral red dye was added to each well (100 µl per well). The plates were incubated for another 1 to 2 hours. The plates were then washed two times with phosphate buffered saline (PBS) and were patted gently on tissues to let them drain. Finally, 100 µl of lysis solution (0.1 mol/l acetic acid and ethanol in the ratio of 1: 1) was pipetted into each well. The mixtures were blended completely and evaluated at a wavelength of 540 nm on a Bio-Rad microplate reader. Each experiment was performed in triplicate.

Nitrite oxide (NO) assay {#S20008}
------------------------

Peritoneal exudate cells were prepared as described above. Exudate cells were seeded at 2 × 10^6^ cells/ml in 48-well plates. Macrophages were adhered to the plate at 37°C for 3 hours. Non-adherent cells were removed by washing with warm D-Hanks solution. Adherent macrophages were cultured for 48 hours at 37°C. At the end of the incubation, culture supernatant was collected. The isolated supernatants were mixed with an equal volume of Griess reagent (1% sulfanilamide in ultrapure water, 0.1% naphthyl ethylene diamine dihydrochloride in 5% phosphoric acid) and incubated at room temperature for 10 minutes. Absorbance was measured at 540 nm with a microplate reader. The nitrite concentration was determined by extrapolation based on a standard sodium nitrite curve \[[@CIT0016]--[@CIT0018]\]. Each experiment was performed in triplicate.

Splenocytes preparation {#S20009}
-----------------------

Spleens collected under aseptic conditions, from S-180-bearing mice, were minced in lymphocytes separation medium using a pair of scissors and passed through gauze to obtain homogeneous cell suspensions. After centrifugation (370 g, 10 min), the supernatant was collected and an equal volume of D-Hanks was added and the mixture centrifuged (280 g, 10 min). The cell pellet was then suspended in 5 ml Tris-NH~4~Cl to lyse red cells and the cells were then washed three times and re-suspended in complete medium (RPMI 1640 supplemented with 25 m*M* HEPES, 10% heat-inactivated calf serum, 1 × 10^5^ IU/l penicillin G, and 100 m*M* streptomycin).

Spleen lymphocyte proliferation assay {#S20010}
-------------------------------------

To investigate the effects of mannogalactoglucan on the cellular immune response, we evaluated the proliferation of spleen lymphocytes in S-180-bearing mice, including the control group (that received water) and the treated groups (that received the polysaccharides). The spleen lymphocytes proliferation was determined using the MTT cellular viability assay method \[[@CIT0019], [@CIT0020]\]. Splenocytes were seeded into 96-well flat-bottom microtiter plates at 5 × 10^6^ cells/ml and cultured with RPMI 1640 medium, ConA (5.0 µg/ml), or LPS (10.0 µg/ml). The plates were incubated at 37°C in a humidified atmosphere with 5% CO~2~. After 48 hours, 20 µl of MTT solution (5 mg/ml) was added to each well of the culture plate and then further incubated for 4 hours at 37°C. After aspirating the supernatant from the wells,100 µl 20% SDS containing 0.04 M solution was added and shaken for 20 min to dissolve the colored material (formazan crystals), and the optical density of each well was then measured in a Bio-Rad (Hercules, CA, USA) using a measurement wavelength of 570 nm \[[@CIT0021]\]. Each experiment was performed in triplicate.

Statistical analysis {#S20011}
--------------------

All experiments were conducted in triplicate. Data are presented as the mean ± standard deviation (SD). Statistical analysis was performed with SPSS version 17.0 software and GraphPad Prism version 5.0 software. One-way analysis of variance (ANOVA) test was used to make a statistical comparison between the treatment and the control groups. The differences were considered significant when \**p* \< 0.05; \*\**p* \< 0.01.

Results and discussion {#S0012}
======================

Tumor weight regression {#S20013}
-----------------------

The results of the *in vivo* antitumor activity assay of WPLE-N-2 and WPLE-A0.5-2 (The Mannogalactoglucan-type polysaccharides consisted of Glc-Gal-Man in a molar ratio of 63: 27: 10 and 72: 18: 10, respectively; with a M*w* of 21 × 10^3^ Da and 18 × 10^3^ Da, respectively; as described in our previous papers \[[@CIT0011], [@CIT0012]\]) against Sarcoma 180 solid tumor grown in Kunming mice at the dosage of 100 mg/kg for 10 days showed that all the polysaccharides exhibited an inhibition against the tumor cell.

WPLE-A0.5-2, containing β-linkages, exhibited a higher inhibition ratio (29%) than WPLE-N-2 (22%), containing α-linkages. Significant (*p* \< 0.05 and *p* \< 0.01) tumor regression was observed at the dose of 100 mg/kg of the polysaccharides WPLE-N-2 and WPLE-A0.5-2, respectively, as shown in [Fig. 1](#F0001){ref-type="fig"}. This result implied that WPLE-A0.5-2 had stronger direct cytotoxicity to cancerous cells than WPLE-N-2. The result implied also that mannogalactoglucan could have direct cytotoxicity to cancerous cells.

![Effect of the mannogalactoglucan-type polysaccharides WPLE-N-2 and WPLE-A0.5-2 on tumor regression of tumor-bearing mice. The polysaccharides were dissolved in pure water and were administered i.g.; while control group received pure water. The dose volume was 0.2 ml. Values are means ± SD of 6 mice; \**p* \< 0.05 and \*\**p* \< 0.01 vs. control](CEJI-41-26614-g001){#F0001}

Our results were in accordance with literature reporting that some components and extracts of many mushrooms, including *L. edodes, A. blazei, Ganoderma lucidum*, and *Grifola frondosa* inhibit or suppress tumor growth \[[@CIT0022]--[@CIT0024]\].

Phagocytosis of macrophage {#S20014}
--------------------------

As the first step towards understanding the immunomodulatory activity of the mannogalactoglucan-type polysaccharides (WPLE-N-2 and WPLE-A0.5-2) we investigated the effect on phagocytosis of macrophage. Phagocytosis ability of macrophage of the treated group mice increased as compared with the control group. A significant increase was observed with the polysaccharides compared with the control group ([Fig. 2](#F0002){ref-type="fig"}). WPLE-A0.5-2 exhibited higher phagocytosis ability than WPLE-N-2.

![Effect of mannogalactoglucan-type polysaccharides WPLE-N-2 and WPLE-A0.5-2 on phagocytosis of macrophage. Phagocytosis activity was expressed as the absorption at 540 nm. Values are means ± SD of six mice; \**p* \< 0.05 and \*\**p* \< 0.01 vs. control](CEJI-41-26614-g002){#F0002}

Nitrite oxide production {#S20015}
------------------------

Nitrite oxide is one of the major reactive oxygen species (ROS) which is produced by macrophage for destroying the foreign body. Since the final product of NO is either nitrite or nitrate, the sum of nitrite and nitrate level provides an indirect measurement of NO level. Macrophages were incubated with mannogalactoglucan-type polysaccharides for 24 hours and NO concentrations in the culture supernatants were assessed by the Griess reagent. The polysaccharides presented a higher effect on NO production at the dose of 100 mg/kg body weight when compared with the control. The effect of WPLE-A0.5-2 was slightly higher than that of WPLE-N-2, but the difference was not significant as shown in [Fig. 3](#F0003){ref-type="fig"}.

![Effect of the mannogalactoglucan-type polysaccharides WPLE-N-2 and WPLE-A0.5-2 on NO production in macrophages. Values are means ± SD of 6 mice; \**p* \< 0.05 and \*\**p* \< 0.01 vs. control](CEJI-41-26614-g003){#F0003}

Lymphocyte proliferation {#S20016}
------------------------

Lymphocytes are the key effector cells of the mammalian immune system. To confirm the effect these polysaccharides have on the cellular immune response we evaluated the proliferation of splenocytes from mice in response to ConA and LPS. The effect of mannogalactoglucan-type polysaccharides was higher than that of the control group, with WPLE-A0.5-2 having a slightly higher effect than that of WPLE-N-2, but the difference was not significant (*p* \< 0.05 and *p* \< 0.01) as shown in [Fig. 4](#F0004){ref-type="fig"}. The results, given in [Fig. 4](#F0004){ref-type="fig"}, indicate that the mannogalactoglucan-type polysaccharides are able to stimulate proliferation of splenocytes in S-180-bearing mice.

![Effect of the mannogalactoglucan-type polysaccharides WPLE-N-2 and WPLE-A0.5-2 on splenocytes proliferation. Proliferation activity was expressed as the absorption at 570 nm. Values are means ± SD of 6 mice; \**p* \< 0.05 and \*\**p* \< 0.01 vs. control](CEJI-41-26614-g004){#F0004}

Since the isolation and identification of Lentinan, a (1→3)-β-D-glucan with immunomodulating and antitumor activities from *L. edodes*, researches on polysaccharides have attracted much attention as functional and natural sources of antitumor drugs \[[@CIT0001]--[@CIT0003], [@CIT0025]\]. Indeed, several research studies have reported a variety of bioactive compounds isolated from *L. edodes*. Extracts of many mushrooms, including *Grifola frondosa, Agaricus blazei, Ganoderma lucidum*, and *Lentinus edodes* modulate the immune system of the host and suppress tumor growth \[[@CIT0024]\]. In published papers, most of *L. edodes* polysaccharides showed their immunomodulatory and anticancer activities based on (1→3)-β-D-glycosidic linkage structures. We have made a tumor-bearing animal model to research the *in vivo* antitumor and immunostimulating activities of mannogalactoglucan-type polysaccharides according to pharmacology.

A significant tumor weight regression of our polysaccharide (100 mg/kg) group mice was observed compared with the control group ([Fig. 1](#F0001){ref-type="fig"}). Direct cytotoxicity to cancerous cells of many mushroom polysaccharides has been reported \[[@CIT0026]\]. These studies indicated that incubation of polysaccharides together with tumor cells could change the expression of signal within tumor cells. This can arrest the cell cycle and generate apoptosis, which can explain the inhibition of tumor growth. Aqueous extracts of *L. edodes* highly inhibited growth of tumors in Swiss albino implanted Sarcoma 180 ascites cells \[[@CIT0027]\]. The strongest tumor regression activity of the mannogalactoglucan-type polysaccharides compared to that of the control might be attributed to the presence of Glc and Man. Indeed, a polysaccharide receptor has been found on human macrophages, which has demonstrated high specificity for Glc and Man \[[@CIT0028]\]. Thus, mushroom polysaccharides consisting of Glc and Man may have some antitumor action. In addition, a multiple linear regression analysis study reported that Man and Gal were identified as the monosaccharides that could be related to the macrophage stimulatory activities \[[@CIT0029]\].

The mannogalactoglucan-type polysaccharides WPLE-N-2 and WPLE-A0.5-2 can induce the increase of NO production in peritoneal macrophage ([Fig. 3](#F0003){ref-type="fig"}). Our outcome is in agreement with reported studies stipulating that in the evaluation of the immunomodulating activity of macrofungi extracts containing polysaccharides, it is demonstrated that *L. edodes* increased the NO production \[[@CIT0001]\]. This implied that the immunoregulation mechanism of mannogalactoglucan might be related to the induction of NO production.

The phagocytes (neutrophils, monocytes and macrophages), one of the earliest cell types to respond to invasion by pathogenic organisms, are key participants in the innate immune response \[[@CIT0030], [@CIT0031]\]. Neutrophils and macrophages represent the first line of host defense after the epithelial barrier. They are involved in tissue remodeling during embryogenesis, wound repair, clearance of apoptotic cells and hematopoiesis \[[@CIT0032], [@CIT0033]\]. Macrophages can kill the tumor cells either by macrophage-mediated tumor cytotoxicity or antibody-dependent cellular cytotoxicity (ADCC). Both processes will end up releasing cytotoxic mediators including TNF-α, IL-1, NO and reactive oxygen intermediates or phagocytosis \[[@CIT0032]\]. It is reported that the feeding of fruit bodies administered orally to mice could augment both ability of macrophage to phagocytose latex particles and the spreading activity of the macrophages \[[@CIT0034]\]. We have demonstrated that mannogalactoglucan-type polysaccharides WPLE-N-2 and WPLE-A0.5-2 can increase macrophage phagocytosis ([Fig. 2](#F0002){ref-type="fig"}). This ability might be due to their structural features including monosaccharide component, anomeric configuration and glycosidic linkages \[[@CIT0028], [@CIT0029]\]. However, some researchers reported that aqueous extracts from *Lentinus edodes* could not increase phagocytosis of macrophage. Our purified molecule can have a more favorable exposure of the anticancer effect sites (several immune receptors including Dectin-1, complement receptor (CR3) and TLR-2/6) and easily trigger a group of immune cells including macrophages, neutrophils, monocytes, natural killer cells and dendritic cells \[[@CIT0035]\]. CPFN-G-I (a β-(1→6)-branched-β-(1→4)-glucan), CPBN-G and CPBA-G (both heteromannans), purified from the fruiting body and culture cell-free broth of *L. edodes*, were found to stimulate the functional activation of macrophages including NO production, cytokines expression and increase the phagocytic uptake \[[@CIT0036], [@CIT0037]\].

MPSSS, a polysaccharide fraction (extracted with hot water and sequentially ethanol precipitation) mainly consisting of (1→6)-β-linked-glucan branched at C-4 with side chains of (1→6)-β-linked-glucans, was found to inhibit tumor growth of McgR32 tumor cells, which was accompanied by a strong stimulating effect on splenocytes in mice (C57BL/6 and BALB/c) \[[@CIT0038]\].

In our research, we found that the mannogalactoglucan-type polysaccharides could augment ConA and LPS-induced splenocyte proliferation, suggesting that these polysaccharides were able to stimulate both T-Cells and B-Cells proliferations \[[@CIT0015]\]. It is reported that mushroom polysaccharides with biological activities differ greatly in their structural features including chemical composition and configuration, as well as physical properties \[[@CIT0002]\]. The differences in bioactivity of WPLE-N-2 and WPLE-A0.5-2, as observed during our study, could be correlated with their molecular sizes, branching rate, and anomeric configuration. The strongest activity of WPLE-A0.5-2 compared to that of WPLE-N-2 might be due to the presence of structural features such as (1→3), (1→4) and (1→6)-linked β-D-Glc*p* residues \[[@CIT0001]--[@CIT0003]\]. Thus, our results confirmed that the presence of such structural features are essential factors for antitumor and immunomodulating actions.

Conclusions {#S0017}
===========

In summary, according to our experiments it was demonstrated that the immunoregulation/immunostimulating activity of the mannogalactoglucan-type polysaccharides from *L. edodes* occurred through induction of NO production, macrophage phagocytosis and lymphocyte proliferation which participates in the antitumor activity.

Thus, mannogalactoglucan-type polysaccharides can be explored as potential immunomodulatory agents for cancer therapy. There is no doubt that to exploit the application of these polysaccharides in medicinal and food industries, more detailed studies are still needed.
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